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ABSTRACT
A newly-born magnetar is thought to be central engine of some long gamma-ray
bursts (GRBs). We investigate the evolution of the electromagnetic (EM) emission
from the magnetic dipole (MD) radiation wind injected by spin-down of a newly-born
magnetar via both quadrupole gravitational-wave (GW) and MD radiations. We show
that the EM luminosity evolves as Lem ∝ (1 + t/τc)
α, and α is −1 and −2 in the
GW and MD radiation dominated scenarios, respectively. Transition from the GW to
MD radiation dominated epoch may show up as a smooth break with slope changing
from −1 to −2. If the magnetar collapses to a black hole before τc, the MD radiation
should be shut down, then the EM light curve should be a plateau followed by a
sharp drop. The expected generic light curve in this paradigm is consistent with the
canonical X-ray light curve of Swift long GRBs. The X-ray emission of several long
GRBs are identified and interpreted as magnetar spin-down via GW or MD, as well as
constrain the physical parameters of magnetar. The combination of MD emission and
GRB afterglows may make the diversity of the observed X-ray light curves. This may
interpret the observed chromatic behaviors of the X-ray and optical afterglow light
curves and the extremely low detection rate of a jet-like break in the X-ray afterglow
light curves of long GRBs.
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1 INTRODUCTION
It is believed that gamma-ray bursts (GRBs) are resulted
from collapse of massive stars or mergers of binary compact
objects, such as neutron star (NS) binaries and NS-black
hole system (Zhang et al. 2007; Kumar & Zhang 2015 for
review). Alternatively, Zhang (2006) suggested that naming
the bursts as as Type II and Type I GRBs that are consistent
with the massive star origin and the compact-star-merger
origin models, respectively. The remnants of catastrophic
destruction of these progenitor systems, may be a newly-
born black hole with hyper-accretion or a magnetar, serving
as the central engines of GRBs (e.g., Usov 1992; Thompson
1994; Dai & Lu 1998a,b; Popham et al. 1999; Wheeler et al.
2000; Narayan et al. 2001; Zhang & Me´sza´ros 2001; Lei et
al. 2009; Metzger et al. 2011; Bucciantini et al. 2012; Lu¨ &
Zhang 2014; Liu et al. 2017).
Theoretically, a newly-born magnetar may have differ-
⋆ E-mail: lhj@gxu.edu.cn
† E-mail: lew@gxu.edu.cn
ent evolutional tracks. It may survive less than 1 second
and quickly collapse to a black hole (Rosswog et al. 2003),
or can be survived much longer, up to a timescale of several
hundreds of seconds, and even to be a long-lived NS, deter-
mining on maximum gravitational mass and its equation of
state (EOS) (Zhang & Me´sza´ros 2001; Zhang 2013; Giaco-
mazzo & Perna 2013; Fan et al. 2013; Lasky et al. 2014; Ravi
& Lasky 2014; Metzger & Piro 2014; Lasky & Glampedakis
2016; Siegel & Ciolfi 2016). Since the injected kinetic lu-
minosity of the magnetic dipole (MD) radiations from a
magnetar before the characteristic spin-down timescale (τc)
is steady, a shallow-decay segment may be observed in the
GRB afterglow light curves (e.g., Dai & Lu 1998a,b; Zhang
& Me´sza´ros 2001). This is supported by the observations of
both long and short GRBs with the Swift mission (Fan &
Xu 2006; Liang et al. 2007; Troja et al. 2007; Lyons et al.
2010; Rowlinson et al. 2010; Dall’Osso et al. 2011; Rowlin-
son et al. 2013; Gompertz et al. 2013, 2014; Lu¨ & Zhang
2014; Lu¨ et al. 2015; Gao et al. 2016; Gibson et al. 2017,
2018). A canonical X-ray light curve was observed with the
X-ray Telescope (XRT) on board the Swiftmission for about
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half of well-sampled X-ray afterglow light curves of the Swift
long GRB sample. The canonical XRT lightcurve in long
GRBs is characterized with a shallow-decay segment, which
transits to a normal-decay segment or occasionally a sharp
drop (Noseck et al. 2006; Zhang et al. 2006; O’Brien et al.
2006; Liang et al. 2007; Troja et al. 2007; Lu¨ & Zhang 2014;
Du et al. 2016). The end time of this segment, which may
correspond to the characteristic spin-down timescale of the
magnetar, ranges from tens of seconds to several thousands
or even to one day (Liang et al. 2007). Therefore, GRBs
and their afterglows may be probes to investigate the prop-
erties of newly-born magnetars (Yu et al. 2010; Metzger et
al. 2011; Yu et al. 2015).
The gravitational wave named as GW 170817 was dis-
covered by advanced Laser Interferometer Gravitational-
wave Observatory (aLIGO)/Virgo detectors from double
neutron stars (Abbott et al. 2016; Abbott et al. 2017).
Whether the survived magnetar can be a candidate as the
remnant of those two neutron stars merger remain debate
(Abbott et al. 2017; Troja et al. 2017,2018; Margalit & Met-
zger 2017; Drago & Pagliara 2018; Ai et al. 2018). Here,
we assume that the magnetar remnant can be survived, a
newly born magnetar should coherently lost their spin en-
ergy via both the magnetic dipole radiation and gravita-
tional wave radiation (Zhang & Me´sza´ros 2001; Giacomazzo
& Perna 2013; Fan et al. 2013; Lasky et al. 2014; Lasky &
Glampedakis 2016). Inspired by this motivation, the similar
situation should be existence with magnerar central engine
that is formed via massive star collapse (Zhang & Me´sza´ros
2001; Yu et al. 2010; Yu et al. 2015), and it is supported
by observed evidence (Mazzali et al. 2014; Lu¨ et al. 2018).
This paper theoretically presents the evolutional features of
the EM emission in the GW emission dominated and MD
emission dominated scenarios when the magnetar as the cen-
tral engine of long GRBs. Then, we search for the corre-
sponding observational evidence in the X-ray afterglows of
Swift long GRBs, and constrain the physical parameters of
magnetar. Throughout the paper, a concordance cosmology
with parameters H0 = 71 km s
−1 Mpc −1, ΩM = 0.30, and
ΩΛ = 0.70 is adopted to calculate the luminosity of X-ray
plateau.
2 MAGNETAR SPIN-DOWN BY GW AND EM
RADIATIONS
The energy reservoir of a newly-born magnetar is its total
rotation energy, which reads as
Erot =
1
2
IΩ2 ≃ 2× 1052 erg M1.4R
2
6P
−2
−3 , (1)
where I is the moment of inertia, Ω, P , R, and M are
the angular frequency, rotating period, radius, and mass of
the neutron star. The convention Q = 10xQx is adopted in
cgs units. It may spin down by losing its rotational energy
through two channels, magnetic dipole torques (LEM) and
gravitational wave radiation (LGW) (e.g., Shapiro & Teukol-
sky 1983; Zhang & Me´sza´ros 2001; Fan et al. 2013; Lasky &
Glampedakis 2016), i.e.,
−
dErot
dt
= −IΩΩ˙ = LEM + LGW
=
B2pR
6Ω4
6c3
+
32GI2ǫ2Ω6
5c5
, (2)
where Ω˙ is time derivative of angular frequency, Bp is the
surface magnetic field at the pole, and ǫ = 2(Ixx−Iyy)/(Ixx+
Iyy) is the ellipticity in terms of the principal moments of
inertia. One can find that for a magnetar with given R and
I , its LEM depends on B and Ω, and LGW depends on ǫ and
Ω. We derive the evolution of LEM in the phases of that LEM
and LGW dominates the rational energy lost in the following.
(I) LEM dominated scenario:
In this scenario, one has
LEM ≃ −IΩΩ˙ =
B2pR
6Ω4
6c3
. (3)
The full solution of Ω(t) in Eq.(3) can be written as
Ω(t) = Ω0(1 +
t
τem
)−1/2
≃
{
Ω0, t ≪ τc,em
Ω0(
t
τc,em
)−1/2, t ≫ τc,em
(4)
where Ω0 is initial angular frequency at t = 0, and τc,em is a
characteristic spin-down time scale in this scenario. τem can
be given by
τc,em =
3c3I
B2pR6Ω20
≃ 2.05× 103 s (I45B
−2
p,15P
2
0,−3R
−6
6 ), (5)
where P0 is the initial period of the magnetar (e.g., P0 =
2π/Ω0). The evolution of LEM with time can be expressed
as
LEM(t) = Lem,0(1 +
t
τc,em
)−2
≃
{
Lem,0, t ≪ τc,em
Lem,0(
t
τc,em
)−2, t ≫ τc,em
(6)
where Lem,0 is the initial kinetic luminosity of electromag-
netic dipole emission at t0, given by
Lem,0 =
B2pR
6Ω40
6c3
≃ 1.0× 1049 erg s−1(B2p,15P
−4
0,−3R
6
6), (7)
(II) LGW dominated scenario:
In this scenario, one has
LGW ≃ −IΩΩ˙ =
32GI2ǫ2Ω6
5c5
. (8)
The full solution of Ω(t) in Eq.(8) can be written as
Ω(t) = Ω0(1 +
t
τc,gw
)−1/4
≃
{
Ω0, t ≪ τc,gw
Ω0(
t
τc,gw
)−1/4, t ≫ τc,gw
(9)
where τc,gw is a characteristic spin-down time scale in this
scenario, which reads as
τc,gw =
5c5
128GIǫ2Ω40
≃ 9.1× 103 s (I−145 ǫ
−2
−3P
4
0,−3). (10)
The evolution of LGW with time thus can be expressed as
LGW(t) = Lgw,0(1 +
t
τc,gw
)−3/2
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≃
{
Lgw,0, t ≪ τc,gw
Lgw,0(
t
τc,gw
)−3/2, t ≫ τc,gw
(11)
where LGW,0 is the luminosity of gravitational-wave
quadrupole emission at t = 0, given by
Lgw,0 =
32GI2ǫ2Ω60
5c5
≃ 1.08 × 1048 erg s−1(I245ǫ
2
−3P
−6
0,−3). (12)
Within this scenario, the evolution of Ω(t) is different from
the LEM dominated scenario, and the evolution of LEM is
replaced by
LEM(t) = Lem,0(1 +
t
τc,gw
)−1
≃
{
Lem,0, t ≪ τc,gw
Lem,0(
t
τc,gw
)−1, t ≫ τc,gw
(13)
Based on Eq.(6) and Eq.(13), and following the method
of Lasky & Glampedakis (2016), one can obtain the tran-
sition time (τ∗) which point is from gravitational-wave
quadrupole dominated to electromagnetic dipole dominated
emission (Zhang & Me´sza´ros 2001; Lasky & Glampedakis
2016),
τ∗ =
τc,em
τc,gw
(τc,em − 2τc,gw) (14)
One can observe τ∗ < 0 if τc,em < 2τc,gw, indicating that
no time is found for making LEM(t) = LGW(t) and the ro-
tational energy lost is always dominated by electromagnetic
dipole emission, and the LEM evolves with time as Eq. (6).
If τc,em > 2τc,gw, one has τ∗ > 0, suggesting that the spin-
down is dominated by gravitational-wave quadrupole early
and electromagnetic dipole emission later. In this case, the
luminosity evolves with time as
L(t) ∝
{
(1 + t
τc,gw
)−1, t ≤ τ∗ (GW dominated)
t−2, t > τ∗ (EM dominated).
(15)
Moreover, Usov (1992) proposed that the spin-down
of the neutron star is dominated by gravitational-wave
quadrupole radiation when the angular velocity Ω of mag-
netar is larger than the critical value Ωcr (also see Blackman
& Yi 1998; Zhang & Me´sza´ros 2001). Here, the Ωcr ranges
in (0.4 ∼ 1.2) × 104 s−1 that depended on the equation of
state of neutron star.
3 A NEW PARADIGM FOR PHYSICAL
ORIGIN OF THE X-RAY AFTERGLOWS
Based on our derivations above, a light curve of magnetic
dipole emission of a newly-born magnetar may be charac-
terized with some segments, as illustrate in Fig.1. It starts
with a segment of F ∝ t0 for both the magnetic dipole
emission and GW emission dominated scenarios. It transits
to L ∝ t−2 at tc,em if the magnetar still stable and its spin-
down is always dominated by the magnetic dipole radiation,
as that shown in Fig.1 (a). If the spin-down of the mag-
netar is initially dominated by the GW emission, the Lem
light curve should transits L ∝ t−1 at tc,gw, and decays as
L ∝ t−2 since t = τ∗, at then the magnetic dipole radia-
tion begins dominating the rotation energy lost, as shown in
Fig.1 (b). Occasionally, the magnetar may be collapsed to a
black hole before tc,gw and tc,em, the magnetic dipole radi-
ation is shut down suddenly, the light curve shows up as an
internal plateau followed by a sharp drop, as shown in Fig.1
(c). Note that the discussion above is in the two extremely
cases, i.e., the magnetic dipole radiation and GW emission
dominated cases. In a generic case, the magnetar coherently
spins down by both the GW emission and magnetic dipole
radiation, the Lem light curve may be featured as a shallow-
to-normal decay segment with a decay slope changing from
0 to −1 ∼ −2. This resembles the canonical XRT light curve
of Swift GRBs presented by Zhang et al. (2006).
The combination of the magnetic dipole radiation and
GRB fireball afterglow emission may make the diversity of
the observed light curves in long GRBs. We also illustrate
the afterglow light curve in the thin shell case and the total
light curve of both the magnetic dipole radiation and GRB
afterglows in Fig.1. Zou et al. (2018) present a systematical
analysis for the XRT light curves of Swift GRBs in the past
13 years and got a sample of 111 long GRBs that their early
XRT light curves show a shallow-decay segment. As shown
in their Figure 3, the XRT light curves of a large fraction of
long GRBs (94/111) have a shallow-to-normal-decaying seg-
ment. The slope of the normal-decaying segment varies from
∼ −1 to ∼ −2, which extends up to hours even days (seel
also Liang et al. 2007), being consistent with the generic sce-
nario of our paradigm. We try to find out evidences of mag-
netar spin-down via gravitational wave quadrupole emission
and magnetic dipole radiation from observations, and de-
rive the parameters of magnetar. Some XRT lightcurves of
interest long GRBs are presented in the following:
• GRBs 070306. As shown in Fig.2(a), its XRT lightcurve
is a prototype lightcurve of the scenario that the magnetar
is stable and the magnetic dipole emission may dominate
the rotation energy lost. Its flux decay slope changes from
(−0.04±0.04) to (−1.94±0.05) at (3.06±0.22)×104 seconds.
This is consistent with prediction of magnetar spin-down
with magnetic dipole emission dominated. The redshift of
GRB 070307 is 1.496, the plateau luminosity and break time
are rough equal to Lem,0 and τc,em in the rest frame, respec-
tively. Based on the Eq.5 and Eq.7, one can constrain the
Bp ∼ (3.18± 0.37) × 10
15 G, P0 ∼ (4.29 ± 0.34) ms.
• GRB 060807. As shown in Fig.2(b), a transition from
the GW emission dominated epoch to the magnetic dipole
radiation dominated epoch is detected in this GRB. Its XRT
lightcurve is a prototype lightcurve of the scenario that the
magnetar is stable and its rotation energy lost initially is
dominated by the GW emission. Excluding the very early
steep decay segment that may be attributed to the tail
emission of the prompt gamma-rays (Liang et al. 2007),
its XRT lightcurve can fit with a triple power-law func-
tion with reduced χ2 = 1.18. The slope changes from α0 =
(−0.07±0.09) to α1 = (1.18±0.13) at t1 = (4.80±1.10)×10
3
s, and finally α2 = (2.08± 0.13) at t2 = (2.86± 0.78) × 10
4
s1, as shown in Fig.2. Moreover, the Swift XRT team’s anal-
ysis also finds that two breaks are statistically necessary
1 One broken power-law model is also invoked to fit the same
data, one has the slopes with -0.06 and -1.76 before and after
break time, respectively. However, the reduced χ2 is as large as
1.55. This is too large to be accepted from the statistical point of
view.
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with an f-test revealing a 5 × 104% probability of chance
improvement (Evans et al 2007, 2009). The characteristic of
this light curve is consistent with a stable magnetar spin-
ning down via gravitational wave quadrupole emission early
(before t2) and magnetic dipole radiation later (after t2).
Also, those two break times may be the spin-down char-
acteristic τc of the magnetar and the transition time τ∗
from the GW emission dominated epoch to the magnetic
dipole radiation dominated epoch, respectively. Based on
the derivations in section 2, together with τc,gw ∼ t1 and
τ∗ ∼ t2, one has τc,em = (1.75 ± 0.46) × 10
4 s. By assuming
redshift z = 0.5 of this case, one can constrain the phys-
ical parameters of magnetar with equation of state GM1,
e.g., Bp ∼ (7.53 ± 3.43) × 10
14 G, P0 ∼ (1.16 ± 0.56) ms
(Ω0 ∼ 5400 s
−1), and ǫ ∼ (1.02 ± 0.35) × 10−3. It is consis-
tent with the required of GW losses significantly with a new
born neutron star2.
• GRB 101225A is of interest with detection of a possible
signal that the magnetar is collapsed to a black hole before
transition from the GW emission dominated epoch to the
magnetic dipole radiation dominated epoch. As shown in
Fig.2(c), it XRT lightcurve is roughly depicted with a triple
power-law function without considering the significant flick-
ering. The decaying slope is initially α0 = (−0.05 ± 0.11),
then transits to α1 = (−1.11±0.03) at t1 = (1.42±0.15)×10
3
s, and finally becomes α2 = (−5.93 ± 0.31) at t2 = (2.12 ±
0.9) × 104 s. The sharp break at t2 may be due to the
collapse of the magnetar. Based on the derivations of sec-
tion 2 and light curves fits above, one has τc,GW ≃ t1 =
(1.42± 0.15)× 103 s and τ∗ > t2 = (2.12± 0.9)× 10
4 s. To-
gether with Eq.(14), one can estimate τem > 7077 s. On the
other hand, Lem,0 ≃ 4πD
2
LFb = (6.15± 0.54)× 10
48 erg s−1
(Fb is flux at t1 in X-ray light curve) at redshift z = 0.847,
one can estimate the Bp < 5.8× 10
15 G, P0 < 1.35 ms, and
ǫ > 1.7 × 10−3 with equation of state GM1 (Lasky et al.
2014; Ravi & Lasky 2014; Lu¨ et al. 2015).
• GRB 070110. As shown in Fig.2(d), its XRT lightcurve
is a plateau followed by a sharp drop (Troja et al. 2007).
This may be a signature of collapse of a magnetar before
the characteristic spin-down timescale. The collapse of the
magnetar makes the magnetic dipole radiation disappears
suddenly and the GRB afterglows emerge, as that observed
since t > 6 × 104 seconds. Similar feature is also observed
in GRBs 060602, 070616, 060607A, and 170714 (Zou et al.
2018). .
4 CONCLUSIONS AND DISCUSSION
We have presented the temporal evolution feature of the
EM emission during the spin-down of a newly-born magne-
tar (the remnant of massive star collapse) in the scenarios
that the GW quadrupole and magnetic dipole emission dom-
inate the rotational energy lost, respectively. We show that
the EM emission light curve of the magnetic dipole radiation
is described as F ∝ (1+t/τc)
α, where τc is the characteristic
spin-down timescales, and α = −1 in the GW emission dom-
inated scenario and α = −2 in the magnetic dipole radiation
2 Here, we assume that the properties of neutron star is similar
with that magnetar. So that, one can use similar method in Lasky
& Glampedakis 2016 to estimate the ellipticity of magnetar.
dominated scenario. Transition from a GW emission domi-
nated epoch to a magnetic dipole radiation dominated epoch
may show up as a smooth break with a decaying slope from
−1 to −2. In case of that the magnetar collapses to a black
hole before τc, the light curve of EM emission should be a
plateau followed by a sharp drop being due to the immedi-
ate shut down of the magnetic dipole radiation. In a generic
scenario, the magnetar coherently spins down by both the
GW emission and magnetic dipole radiation, the EM emis-
sion lightcurve may be a shallow-to-normal decay segment
with a slope changing from 0 to −1 ∼ −2.
Our result presents a new paradigm for physical origin
to explain the X-ray data of long GRBs observed with XRT.
The expected generic light curve in this framework resem-
bles the canonical XRT light curve of Swift GRBs presented
by Zhang et al. (2006). Analysis of XRT data for a large
sample of long GRBs and cases study are also consistent
with our paradigm (e.g., Zou et al. 2018). We propose that
the early shallow-decaying X-ray afterglows in long GRBs
may be dominated by the magnetic dipole emission but not
external shock mission of GRB fireballs. The combination of
the magnetic dipole radiation and GRB fireball afterglows
may make the diversity of the observed X-ray light curves.
As shown in Liang et al. (2010, 2013) and Li et al. (2012), a
clear onset bump, which may be a signature of the decelera-
tion of GRB fireballs, is observed in the optical afterglows of
some GRBs. Their XRT light curves in the according time
interval are usually a shallow-decay segment. It is possible
that the X-ray emission is dominated by the magnetic dipole
radiation and the optical emission is dominated by the GRB
afterglows. This may interpret the observed chromatic be-
haviors of the X-ray and optical afterglow light curves and
the extremely low detection rate of a jet-like break in the
X-ray light curves (Uhm & Beloborodov 2007; Genet et al.
2007; Liang et al. 2008).
Moreover, we present four long GRBs (070306, 060807,
070110, and 101225A) which X-ray light curves are likely
contributed from magnetar spin-down via gravitational wave
quadrupole emission and magnetic dipole radiation. Such
as GRB 070306, the X-ray emission is likely originated
from magnetar spin-down with magnetic dipole emission
dominated; or magnetar spin-down via gravitational wave
quadrupole emission and magnetic dipole radiation (e.g.,
GRB 060807); or magnetar collapse into black hole before
its spin down (GRB 070110); or collapse of a supra magne-
tar during its spinning down period via gravitational wave
quadrupole emission (GRB 101225A). Within this scenario,
the physical parameters of magnetar can also be constrained
via the observed properties of X-ray emission, e.g., Bp, P0
and ǫ. Especially, the derived value of ǫ for long GRBs
060807 and 101225A are consistent with the constraints of
Lasky & Glampedakis 2016 by adopting short GRBs.
On the other hand, the origin of some peculiar (e.g.,
soft-long lasting γ-ray emission) Ultra-long GRBs may be
consistent with our scenario. For example, the possible ori-
gin of GRB 101225A may be consistent with the hypothe-
sis magnetar spin-down with GW emission dominated and
collapses to a black hole at later time, e.g., long-soft γ-ray
emission may be of energy injection from magnetar wind
within off-axis observations, the early segment of normal de-
cay in XRT light curve is consistent with spin-down magne-
tar wind with gravitational-wave quadrupole radiation dom-
c© 0000 RAS, MNRAS 000, 000–000
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inated, and the later phase of steeper decay in XRT light
curve is the signature of magnetar collapse into black hole.
However, due to lack of smoking gun evidence, catching this
possible interpretation is expected by observing more events
of GW and EM associated with LIGO and high energy in-
struments in the future.
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Figure 1. Illustrations of the afterglow lightcurves of GRBs with a newly-born magnetar as their central engines in different scenarios.
(a): A stable magnetar spins down via magnetic dipole radiation. (b): A stable magnetar spins down via gravitational-wave quadrupole
emission early (t < τ∗) and magnetic dipole radiation later (t > τ∗). (c): A supra magnetar collapses to form a black hole. The red-dashed
lines represent the emission from the magnetic dipole radiation, the pink-dotted lines stand for the afterglows of the GRB fireballs as
predicted by the standard external shock model in the thin shell case (e.g., Me´sza´ros & Rees 1997; Sari et al. 1998). The black-solid lines
are the total lightcurves contributed by both the dipole wind and external shocks of the GRB fireball.
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Figure 2. Examples of X-ray light curves (dots) and our power-law fits (red lines) of four GRBs that may be regarded as prototype light
curves of dipole radiations in the scenarios shown in Fig. 1: GRB 070306—Scenario (a): a stable magnetar spinning down via magnetic
dipole radiation; GRB 060807 —Scenario (b): a stable magnetar spinning down via gravitational-wave quadrupole emission early and
magnetic dipole radiation later; GRB 101225—Scenario (b) and (c): collapse of a supra magnetar during its spinning down period via
gravitational-wave quadrupole emission; GRB 070110—Scenario (c): collapse of a supra magnetar before the spin-down characteristic
timescale.
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